Cerebral amyloid angiopathy (CAA) results from the accumulation of Ab proteins primarily within the media and adventitia of small arteries and capillaries of the cortex and leptomeninges. CAA affects a majority of Alzheimer's disease (AD) patients and is associated with a rapid decline in cognitive reserve. Unfortunately, there is no pre-mortem diagnosis available for CAA. Furthermore, treatment options are few and relatively ineffective. To combat this issue, we have designed nanovehicles (nanoparticlesIgG4.1) capable of targeting cerebrovascular amyloid (CVA) and serving as early diagnostic and therapeutic agents. These nanovehicles were loaded with Gadolinium (Gd) based (Magnevist Ò ) magnetic resonance imaging contrast agents or single photon emission computed tomography (SPECT) agents, such as 125 I. In addition, the nanovehicles carry either anti-inflammatory and anti-amyloidogenic agents such as curcumin or immunosuppressants such as dexamethasone, which were previously shown to reduce cerebrovascular inflammation. Owing to the anti-amyloid antibody (IgG4.1) grafted on the surface, the nanovehicles are capable of specifically targeting CVA deposits. The nanovehicles effectively marginate from the blood flow to the vascular wall as determined by using quartz crystal microbalance with dissipation monitoring (QCM-D) technology. They demonstrate excellent distribution to the brain vasculature and target CVA, thus providing MRI and SPECT contrast specific to the CVA in the brain. In addition, they also display the potential to carry therapeutic agents to reduce cerebrovascular inflammation associated with CAA, which is believed to trigger hemorrhage in CAA patients.
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Introduction
Cerebral amyloid angiopathy (CAA) currently affects a majority of Alzheimer's disease (AD) patients and one third of the aging population over 60 years of age. The AD patients with CAA display more pronounced build-up of amyloid beta (Ab) 40 and 42 proteins within cerebral arteries and arterioles than those without CAA. The accumulation of these toxic Ab proteins leads to cerebrovascular inflammation, vascular dysfunction, microhemorrhages in the early stages, but in advanced stages lobar hemorrhages and massive strokes are predominant [1] .
Currently, there is neither a treatment nor a definitive premortem diagnosis available for CAA. Theoretically, magnetic resonance imaging (MRI) has sufficient spatial resolution and contrast to visualize cerebrovascular amyloid (CVA) and aid in CAA diagnosis. However, the detection of deposits less than 35 mm, which is critical for the early diagnosis of CAA, will require contrast enhancement [2] . Development of monocrystalline iron oxide nanoparticles (MIONs) as MRI contrast agents to detect CVA has been previously attempted [3] . However, this approach addresses CAA diagnosis but not the treatment. In addition, MIONs cannot be tuned for detection via other functional modalities such as positron emission tomography (PET) and SPECT imaging. The objective of the current project is to develop a nanovehicle capable of: a) specifically targeting CVA; b) serve as PET or MRI contrast agent for the early detection of CAA; and c) function as a drug delivery vehicle carrying effective doses of anti-oxidants or immunosuppressants to the cerebral vasculature ridden with amyloid deposits.
Materials and methods
Monoclonal antibody raised against human fibrillar Ab42, IgG4.1, was developed at the Mayo Clinic [4] , whereas DutchAb40 was synthesized by the Mayo Clinic Proteomics Core Facility (Rochester, MN). SuperSignal West Dura extended duration chemiluminescent substrate and Bicinchoninic acid (BCA) protein assay kit were acquired from Thermo Scientific (Rockford, IL). The Mini-Protean Ò TGXÔ 4e15% gel was obtained from Bio-Rad (Hercules, CA). AlexaFluor 647 (AF647) labeling kit was attained from Invitrogen (Carlsbad, CA). Fetal bovine serum and Dulbecco's modified Eagle's medium (DMEM) were acquired from Mediatech Inc. (Manassas, VA). Quartz crystals coated with gold (100 nm) were purchased from Biolin Scientific Ò (Sweden).
All other chemicals were purchased from Sigma Chemical Co (St. Louis, MO).
Animals
B6/SJL mice were obtained from Jackson Laboratory (Bar Harbour, ME). Swedish Tg2576 transgenic mice were purchased from Taconic (Germantown, NY). All procedures were approved by the Mayo Clinic Institutional Animal Care and Use Committee and were performed in strict accordance with National Institutes of Health Guide for the Care and Use of Laboratory animals. Animals were housed in a non-barrier facility under controlled light and temperature.
Cell culture
Human brain microvascular endothelial cells (hCMEC/D3) were obtained under license from INSREM France and cultured as described previously [5] . The hCMEC/ D3 cells were seeded on the Transwells Ò (12 mm, Costar, Cambridge, MA) precoated with 0.1% type 1 rat-tail collagen. The Transwells Ò were maintained for 7 days at 5% CO 2 and 37 C until the monolayer displayed transendothelial electrical resistance (TEER) values >175 U.
Nanoparticle preparation
The polymeric nanocore without any surface modification is referred to as nanoparticle in this manuscript.
Hydroxypropyl-beta-cyclodextran and drug (HPbCD [drug]) complexation
An aliquot of 50 mg HPbCD was added to 10 ml distilled water and continuously stirred overnight at room temperature. The next day, either 1.25 mg/ml of curcumin in acetone or 6.25 mg/ml dexamethasone in ethanol was added, allowed to equilibrate overnight, and the ethanol or acetone was allowed to evaporate for an additional 4 h [6].
Conjugation of gadolinium-diethylene triamine pentaacetic acid (Gd-DTPA) to chitosan
An aliquot of 95 mg/ml Gd-DTPA (Magnevist Ò , Bayer Schering Pharma AG, Germany), was conjugated to 0.5% medium MW chitosan (MW ¼ 190e300 kDa) using the carbodiimide reaction at pH 4.5 for 6 h [7e9]. Free GD-DTPA was removed by dialyzing the conjugated preparation against distilled water using a Spectrapor 7 dialysis membrane with an MW cut-off (MWCO) of 50 kDa.
Formation of nanoparticles
Curcumin or dexamethasone loaded nanoparticles were prepared using the ionic gelation technique at pH 5.0. The HPbCD complex was slowly added to GD-DTPA-chitosan dispersion in a 2:9 ratio. The chitosan then was crosslinked with 0.05% tripolyphosphate (TPP) to form the nanoparticles.
Preparation of nanovehicles (nanoparticles-IgG4.1)
The IgG4.1 nanoparticle is referred to as nanovehicle in this manuscript. The IgG4.1 (600, 1200 or 2400 mg) was conjugated covalently to 60 mg freshly prepared nanoparticles using the carbodiimide conjugation previously developed by our laboratory [3] . Nanovehicles were subjected to ultracentrifugation (131,000 Â g; 10 min), which served as a 1-step procedure to remove free IgG4.1 and therapeutic agent. The amount of IgG4.1 retained on the nanovehicle surface was characterized using BCA protein assay.
Substantiation of IgG4.1 conjugation to nanovehicles
Western blot analysis was used to confirm successful conjugation of IgG4.1 to nanovehicles as described earlier [10] . In brief, IgG4.1 solution or IgG4.1 conjugated nanovehicles were incubated with Laemmli sample buffer supplemented with 5% v/ v 2-mercaptoethanol; heated in a hot water bath (w82 C) for 5 min and then centrifuged at 10,000 rpm at 4 C. The supernatant was then resolved using a 4e15% mini-PROTEAN Ò TGXÔ pre-cast gel and blotted onto a 0.2 mm pore size nitrocellulose membrane. The blot was then blocked with 5% non-fat milk in phosphate buffered saline containing 0.05% Tween-20 (PBST), incubated with anti-mouse IgGhorseradish peroxidase antibody for 1 h, washed with PBST and analyzed using SuperSignal West Dura chemiluminescent detection reagent.
Radioiodination
The chloramine-T reaction was used to radiolabel nanovehicles with 125 I [PerkinElmer Life and Analytical Sciences, Boston, MA] [11] . Unbound 125 I was removed through overnight dialysis of the 125 I-nanovehicle against PBS (pH 7.4). The purity of the radiolabeled nanovehicle was determined using the trichloroacetic acid (TCA) precipitation method and confirmed using paper chromatography as outlined previously [12] .
Nanovehicle characterization
The nanovehicle morphology was characterized using atomic force microscope (AFM) equipped with MultiMode Scanning Probe (Veeco Metrology Inc., Plainview, NY). Nanoparticles and nanovehicles were also characterized in terms of particle size (hydrodynamic diameter) and zeta potential using a BI-200SM dynamic laser light scattering system (Brookhaven Instruments, Holtsville, NY) and a Zeta Plus machine (Brookhaven Instruments, Holtsville, NY), respectively.
The amount of Gd-DTPA retained on the nanovehicle surface was quantified by measuring the differences in absorbance of nanovehicles with and without Gd-DTPA at 660 nm with 0.2 M Arsenazo III [13] . The amount of encapsulated curcumin in the nanovehicle formulation was quantified by measuring the fluorescence intensity after ultracentrifugation. To evaluate the curcumin released from the nanovehicles, 625 mg/ml of freshly prepared nanovehicles were placed in a dialysis bag (MWCO 50 kDa) and immersed in a PBS trough at 25 C. The trough contents were stirred continuously at 200 rpm, sampled at pre-determined time points (1, 2, 4, 8, 16, 21, 25, 36, 48, 62, 72 and 90 h) and the corresponding fluorescent signals were evaluated (Ex/Em: 488/535 nm).
The ability of nanovehicle formulations to recognize and bind to DutchAb40 was evaluated using an enzyme linked immunosorbent assay (ELISA) method previously developed by our lab. A high protein binding 96-well plate was coated overnight with DutchAb40, blocked using bovine serum albumin (BSA), and incubated with 7.5 mg nanovehicles at 37 C for 3 h. The secondary anti-mouse IgG-alkaline phosphatase was used to estimate the amount of IgG4.1 bound to DutchAb40 [4] .
Nanovehicle characterization using in vitro techniques
Quartz crystal microbalance with dissipation monitoring technology (QCM-D) was used to evaluate the impact of systemic dilution on the propensity of various nanovehicles to marginate towards the BBB endothelium. In addition, the ability of nanovehicles to target CVA was tested by determining the extent of nanovehicle accumulation with the DutchAb40 treated Madin Darby canine kidney (MDCK) cell monolayer grown on the gold crystal sensors. The polarized MDCK cell monolayers are widely used as in vitro BBB models and were chosen for this experiment owing to their durability and compatibility with sensors. The sensors, which are outfitted with gold electrodes were cleaned according to the manufacturers recommended protocol (Q-Sense Ò , Västra Frölunda, Sweden). The MDCK cells were seeded on the sensor surface at a density of 5000 cells/sensor and were incubated under 5% CO 2 and 37 C for 5 days. The culture medium, which consisted of 90% DMEM, 10% FBS and 1Â penicillinestreptomycin, was changed every 12 h. Before the experiment, the monolayer was incubated with 0.1% BSA in Hank's Buffered Salt Solution (HBSS) and 15 mM HEPES to block non-specific binding. The cell-sensors were placed in the QCM-D chamber (Q-Sense Flow Module QFM 401) maintained at 37 C, and HBSS-HEPES was passed through the chamber at a flow rate of 0.1 ml/min. Once the equilibration was established and baseline stabilized, either HBSS (control) or 12.5 mg DutchAb40 (treatment) was introduced over the course of 5 min, followed by 400 ml HBSS-HEPES to remove unbound DutchAb40 at 100 ml/min. A 10.6 mg/ml aliquot of nanovehicle suspension was introduced at 100 ml/min for 5 min and changes in the sensor frequency were monitored. To evaluate the effect of systemic dilution of the nanoparticles as well as nanovehicles, various concentrations of nanoparticles or nanovehicles were floated across the naked sensor surface at the same flow rate and temperature settings. The changes in frequency were monitored and the mass absorbed to the crystal was calculated as follows:
where Dm is the change in mass, DF is the change in frequency, C (mass sensitivity constant) is equal to 17.7 ng$cm
À2
$Hz À1 and n (overtone number) is equal to 5.
The uptake of nanovehicles by human BBB in vitro model
An amyloid treated brain endothelial model was prepared by pre-incubating the hCMEC/D3 monolayer (see section 2.2) with 12.5 mg DutchAb40 protein for 20 min [14] . The protein was removed, and an aliquot of 30 mg/ml AlexaFluor 647 (AF647)-nanovehicles, in which AF647 is conjugated to IgG4.1 on the nanovehicle, was added and incubated for 1 h at 5% CO 2 and 37 C with minimal shaking. The nanovehicles were removed, cells were harvested, washed with PBS and fixed using 4% paraformaldehyde. The amount of intracellular fluorescent signal was quantified using flow cytometry.
Elucidating the mechanism of nanovehicle uptake by human BBB model in vitro
The human brain endothelial cell model was pre-treated with HBSS (control), 10 mg/ml nystatin (caveolae mediated endocytosis inhibitor) or 5 mg/ml chlorpromazine (clathrin mediated endocytosis inhibitor) for 30 min and then incubated with a 30 mg/ml aliquot of AF647-nanovehicles for 1 h at 5% CO 2 and 37 C with minimal shaking. The treatment was removed, the monolayers were washed and fixed using 4% paraformaldehyde. The Transwells Ò were stained with DAPI, mounted, and imaged with an Axiovert 100M microscope equipped with Zeiss LSM 510 laser confocal microscope (DAPI, Ex/Em: 350/470 nm and AF647, Ex/Em: 652/668).
To maintain consistency, all images were acquired using the same instrument settings.
In vivo characterization
To evaluate the brain distribution of nanovehicles, WT mice (20e25 g) were anesthetized (1.5% isoflurane, 4 l/min O 2 ) and their femoral arteries and veins were catheterized. The mice were pre-injected with DutchAb40 protein (500 mg; treatment) or normal saline (100 ml; control) via the femoral vein and after 15 min 100 mCi of 125 I-nanovehicles were administered to each mouse in control and treatment groups. At pre-determined time points (0.25, 1, 5, 15 and 30 min), 20 ml blood was collected from the femoral artery, the plasma was recovered from the sample, and immediately assayed for radioactivity using a two-channel gamma counter (Cobra II; Amersham Biosciences Inc., Piscataway, NJ). Then the 125 I-nanovehicles were removed from the cerebral blood flow using transcardial perfusion with PBS. The brains were excised from the skull, sectioned into six different brain regions, weighed, and assayed for radioactivity.
The plasma kinetic data thus obtained was analyzed using non-compartmental pharmacokinetic analysis (WinNonlin Ò Professional, version 5.2, Mountain view, CA). The area under the plasma kinetic curve was determined using log-trapezoidal rule:
where AUC is the area under the curve. The selected time points are t 1 , t 2 and t 3 whereas C 1 , C 2 and C 3 are the corresponding plasma concentrations. The plasma clearance (CL), volume of distribution at steady state (Vdss) and other pharmacokinetic parameters were derived from the plasma data using WinNonlin Ò .
Ability of nanovehicles to target cerebrovascular amyloid
Nanovehicle targeting to cerebrovascular vessels was determined by administering 45 mg AF647-nanovehicles via external carotid to 2-year-old APP transgenic or age-matched WT mice. After 25 min, transcardial perfusion with 2 ml/kg Evan's Blue (shown by the blue fluorescence) in PBS followed by 4% paraformaldehyde was performed. Blood vessels including arterioles were isolated using (1.25, 1.5 and 1.75 M) sucrose gradient centrifugation [3] . The 1.5 M isolated fraction was mounted using cytospin, stained with Thioflavin S (marker for CVA deposits) and subsequently imaged using an Axiovert 100M microscope with settings for fluorescein isothiocyanate (Ex/Em: 488/535 nm), Evan's Blue (Ex/Em: 550/610 nm) and AF647 [Ex/Em: 652/668 nm] [3] .
Magnetic resonance imaging (MRI)
All MR images were acquired using a 21.1 T vertical magnet with a bore diameter of 105 mm at the National High Magnetic Field Laboratory (NHMFL) [15e18]. Images and relaxation measurements were acquired with a Bruker Avance III spectrometer equipped with ParaVision 5.1 (Bruker Biospin, Billerica, MA) and a 64-mm inner diameter high performance gradient (Resonance Research Inc, Billerica, MA).
MRI relaxometry measurements were carried out on phantoms containing the Gd-DTPA conjugated nanovehicles. Phantoms were prepared by diluting the nanovehicles in distilled water to obtain a concentration range of 0.72e23 mM Gd. The solutions were injected into micro-capillary tubes and sealed with silicone gel (Dow Corning, Midland, MI). The tubes were imaged in sets of 7 using a 10-mm birdcage coil, tuned to a proton ( 1 H) resonance frequency of 900 MHz. Measurements were performed to quantify R 1 and R 2 relaxation rates for each dilution using a single slice 2D spin-echo (SE) sequence with 9 incrementing repetition times (TR ¼ 25e 15,000 ms) and 16 incrementing echo times (TE ¼ 8e124 ms) for each respective relaxation mechanism. Sequences were acquired axially with an in-plane matrix of 128 Â 128, 1.0 mm slice thickness, and 2 averages. The images were analyzed using Regions of Interest (ROIs) drawn to cover each individual micro-capillary as well as a noise ROI to perform baseline corrections. The ROI signal intensities were fitted by non-linear regression using the LevenbergeMarquardt algorithm in SigmaPlot 7.101 (SPSS Inc, Chicago, IL); for R 2 measurements, a single exponential decay function with baseline adjustment was employed while a single exponential growth function was applied for R 1 .
For ex vivo MR imaging, a 200 ml aliquot containing 17 mg of nanovehicles was injected, via the femoral vein, to 2-year-old APP transgenic (Tg2576) or age-matched WT mice (25e30 g). Three hours following the injection, transcardial perfusion was performed with PBS followed by 4% paraformaldehyde. The brains were excised and stored in 4% paraformaldehyde at 4 C until imaged. One day before MR imaging, the excised brains were washed in PBS then placed individually in conical tubes containing Fluorinert (3M, St. Paul, MN), a perfluorinated liquid with no 1 H MRI signal [19, 20] . The brains were imaged in unison using a 33-mm RF birdcage coil resonating at 900 MHz. A 3D gradient recalled echo sequence (GRE) was used to generate high resolution T 2 *-weighted images. The matrix was set to achieve a 50-mm isotropic resolution with echo (TE) and repetition (TR) times were set to 10 and 150 ms, respectively. The data set was processed with a Gaussian filter using AMIRA 5.3.3 (Visage Imaging, CA). This software also was used to visualize the brain structures of interest and to compare each brain.
SPECT imaging
A 500 mCi dose of 
Statistical analyses
Statistical analysis of ELISA results was conducted using a one-way analysis of variance (ANOVA) followed by Tukey's post-test using GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA). Statistical comparisons of the pharmacokinetic parameters were performed using a Student's t-test. Biodistribution studies in WT mice, with and without DutchAb40 treatment, were compared using two-way ANOVA with a Tukey's post-test. All experiments were conducted in triplicate.
Results
In the following section, the formulation and characterization of nanovehicles; plasma pharmacokinetics and brain uptake; their ability to target CVA; and their potential as MRI and SPECT contrast agents to detect amyloid deposits in the cerebral vasculature are described.
Formulation of curcumin-and dexamethasone-nanovehicles
The nanovehicles appeared as spherical particles on AFM micrographs and demonstrated size ranges between 90 and 100 nm (Fig. 1A) . These values coincided with the particle sizes measured using dynamic light scattering method. Curcumin-nanoparticles (devoid of IgG4.1) demonstrated a particle size of 97.8 AE 1.8 nm (Fig. 1B) and a zeta potential of 7.0 AE 1.9 mV (Fig. 1C) . Similarly, dexamethasone-nanoparticles produced particles of 74.1 AE 2.2 nm in size (Fig. 1B) with a positive zeta potential of 5.6 AE 0.7 mV (Fig. 1C) . However, when IgG4.1 was conjugated to the nanovehicle surfaces, the particle size increased to 145 AE 5.4 nm for curcuminnanovehicles and 157.6 AE 3.4 nm for dexamethasone-nanovehicles (Fig. 1B) . The corresponding zeta potential for curcuminnanovehicles increased to 7.7 AE 0.4 mV, but, the zeta potential for dexamethasone-nanovehicles dropped to 4.5 AE 0.5 mV (Fig 1C) . All particle size and zeta potential measurements were conducted at physiological pH.
As determined by the Arsenazo III dye assay, the nanovehicles carried 9.5 AE 0.6 mg/mg of Gd-DTPA on the surface (Fig. 1D) .
The amount of curcumin and dexamethasone encapsulated was 0.03 AE 0.011 and 1.53 AE 0.02 mg/mg of nanovehicles, respectively (Fig. 1E) . Almost 75% of the total amount of curcumin encapsulated in the nanovehicles was released within 90 h (Fig. 1F) .
The conjugation of IgG4.1 to nanovehicles was optimal when 20 mg of IgG4.1 per milligram of nanovehicles was used for the carbodiimide conjugation. This resulted in 10.0 AE 0.1 mg and 14.6 AE 0.4 mg of IgG4.1 per milligram of curcumin-nanovehicles and dexamethasone-nanovehicles, respectively ( Fig. 2A ). Both these nanovehicles have shown 5e7 fold higher binding to DutchAb40 compared to the nanoparticles without IgG4.1 (Fig. 2B) . However, no net change in IgG4.1 conjugated to nanovehicles or the ability of nanovehicles to bind to DutchAb40 was observed when the IgG4.1 amount was increased to 40 mg per milligram of nanovehicles for the carbodiimide conjugation ( Fig. 2A and B) . Based on these observations, the optimal concentration of IgG4.1 for nanovehicle conjugation was determined as 20 mg/mg of nanovehicles (Fig. 2B ).
Western blot analysis verified the successful IgG4.1 conjugation to the nanovehicles (Fig. 2C) .
To evaluate the plasma pharmacokinetics and brain uptake of the nanovehicles as well as to elucidate their biodistribution using SPECT imaging, the IgG4.1 on the nanovehicle surface was radioiodinated using a Chloramine-T reaction. Paper chromatography data presented in Fig. 2D showed that the 1st and the 16th paper fractions contained the most radioactivity. The radioactivity accumulated in the first fraction (origin) was most likely from the nanovehicles, whereas the radioactivity from the later fraction was due to the free 125 I, running at the solvent front.
Migration of nanovehicles towards DutchAb40 treated BBB monolayers in vitro
When the nanovehicles are injected into the systemic circulation, they are subjected to extensive dilution. To investigate the dilution effect on the margination of the nanovehicles from the blood flow to the vessel wall, a QCM-D technology was employed. Nanovehicles passing through a microfluidic channel migrated towards the naked quartz crystal more effectively than the nanoparticles at all dilutions. Although, dilution brought noticeable changes in the kinetics and the extent of margination, nanovehicles still maintained superior margination than the nanoparticles (Fig. 3A) . The margination of nanovehicles towards the MDCK cell monolayer grown on the surface of the quartz crystal was 3-fold greater than that towards the bare sensor. When the cell monolayer was treated with DutchAb40, the mass of nanovehicles bound to the sensor was determined to be 1190 ng/cm 2 , whereas the binding to HBSS treated cell-sensors was 970 ng/cm 2 ( Fig. 3B) .
Furthermore, nanovehicles showed a faster margination towards DutchAb40 treated cell monolayer than towards the HBSS treated monolayer.
Uptake of nanovehicles by the human BBB model in vitro
The uptake of AF647-nanovehicles by the polarized hCMEC/D3 monolayers, a well characterized human BBB model, was determined by quantifying the amount of intracellular AF647 fluorescence using flow cytometry. Uptake of AF647-nanovehicles by the hCMEC/D3 cells pre-treated with DutchAb40 showed a 3-fold increase over the monolayers pre-treated with HBSS (Fig. 4A) . However, a modest 2-fold increase in AF647-IgG4.1 antibody (no nanovehicle) uptake was observed in FITC-DutchAb40 treated hCMEC/D3 cells than in the HBSS treated controls (Fig. 4A) .
The z-stack images of hCMEC/D3 cell monolayers treated with chlorpromazine ( Fig. 4B. ii) , an inhibitor of clathrin mediated endocytosis, demonstrated no appreciable difference in the uptake of AF647-nanovehicles compared to the hCMEC/D3 monolayers treated with HBSS ( Fig. 4B. i) . However, the hCMEC/D3 monolayers treated with nystatin ( Fig. 4B . iii), a caveolae mediated endocytosis inhibitor, showed substantially lower uptake of AF647-nanovehicles compared to those treated with HBSS ( Fig. 4B. i) .
Biodistribution of nanovehicles
The distribution of 125 I-nanovehicles/mg of brain tissue normalized by the plasma AUC was remarkably higher in DutchAb40 treated versus saline treated mice (Fig. 5B) . The plasma AUC 0e30 min and volume of distribution at steady state (Vdss) was greater in HBSS pre-injected mice than in DutchAb40 pre-injected mice. But no appreciable differences in either the elimination rate constant (Kel) or clearance (CL) was observed in DutchAb40 or HBSS pre-injected mice (Table 1) .
Ability of nanovehicles to target cerebrovascular amyloid
To determine the co-localization of nanovehicles with the CVA, 45 mg of AF647-nanovehicles in 200 ml of normal saline was injected via external carotid artery to 24-month old Alzheimer's disease transgenic mouse (Tg2576) or age-matched WT mice. The AF647-nanovehicles showed enhanced cerebrovascular uptake in Tg2576 mouse and selectively targeted amyloid deposits in the vascular wall (Fig. 6B) . However, AF647-nanovehicles were confined to the cerebrovascular endothelium and did not show detectable permeation into the vascular wall in WT mice (Fig. 6A ).
Nanovehicles as imaging agents
Coronal MRI brain scans show contrast enhancement by hypointense signal from the region where the nanovehicles are located. The signal loss is likely created by the accumulation of the nanovehicle in the arterioles and its substructure, restricting the water access hence creating a more dominant T 2 contrast rather than T 1 contrast as would otherwise be expected from a Gd-based contrast agent. The contrast enhancement is visualized throughout the cortex and in the radiating arterioles of 2-year-old Tg2576 mice (Fig. 6E and F) , where the CVA might be expected, but not in agematched WT mice (Fig. 6C and D) . Live dynamic SPECT imaging was conducted by injecting 500 mCi of 125 I-nanovehicles in 2-yearold Tg2576 mice or age-matched WT mice. After subtracting the radioactive counts circulating in the cerebral vasculature from the total brain radioactivity, which was quantified by dynamic SPECT imaging, nearly 2-fold increase in the cerebrovascular accumulation of nanovehicles was observed in Tg2576 mice than in WT mice (Fig. 6G ).
Discussion
For targeting the CVA, the nanoparticles are expected to cross the BBB and be retained in the basement membrane, where CVA is deposited. To accomplish this goal, the nanovehicles are expected to be smaller than 150 nm to allow for the endothelial cell uptake yet larger than 100 nm to restrict migration through the basement membrane matrix into the brain parenchyma. Therefore, curcuminand dexamethasone-nanovehicles were formulated to maintain a size range of 140e160 nm (Fig. 1B) . Furthermore, the nanovehicles were formulated to maintain a positive zeta potential of 5.0e7.0 mV (Fig. 1C) to facilitate their adsorptive endocytosis at the negatively charged BBB endothelium. Our previous studies have shown that this zeta potential range was adequate in promoting transcytosis of the nanovehicles [14] . Gd-DTPA was confirmed to be present on the nanovehicle surface (Fig. 1D) .
The amount of curcumin encapsulated in the nanovehicles was around 33 ng curcumin/mg nanovehicle (Fig. 1E) . When the nanovehicles were exposed to the aqueous environment, approximately 75% of the entrapped curcumin was released within 90 h (Fig. 1F) . This sustained delivery of curcumin to the cerebral vasculature is expected to reduce the inflammation at the affected site. Curcumin possesses anti-oxidant, anti-inflammatory and antiamyloidogenic properties [21e23]. Curcumin also exists in a dynamic equilibrium of keto and enol tautomers, the latter of which can target Ab aggregates [24] . Dexamethasone, on the other hand, has been shown to significantly reduce inflammation and the occurrence of microhemorrhages [25] . Of these compounds, curcumin has low bioavailability due to poor solubility and higher enzymatic degradation. To circumvent these issues, we utilized HPbCD's ability to complex hydrophobic curcumin and the resultant HPbCD [curcumin] was encapsulated in the nanovehicles.
The amount of IgG4.1 conjugated to the nanovehicle surface was quantified using BCA protein assay. A substantial increase in the amount of IgG4.1 conjugated to the nanovehicle surface was observed when the concentration of IgG4.1 used in the carbodiimide reaction was doubled from 10 to 20 mg of IgG4.1 per mg of nanovehicle (Fig 2A) . This concentration also resulted in enhanced binding of the nanovehicle to DutchAb40 (Fig 2B) . However, a further increase in IgG4.1 from 20 to 40 mg did not further improve the nanovehicle binding to DutchAb40 (Fig 2B) . Hence, 20 mg
IgG4.1/mg nanovehicle was considered as the optimal concentration for the conjugation. The IgG4.1 presence on the nanovehicles was confirmed using western blot. IgG4.1 antibody solution was used as positive control. In both these samples, bands corresponding to antibody heavy and light chains were observed. With NVs, extra slow-migrating bands are also seen which may be due to the partial reduction of the whole IgG4.1 antibody into light and heavy chains. The amount of bound 125 I in the 125 I-nanovehicle formulation as determined by paper chromatography was nearly 53% (Fig. 2D) . The ability of various nanovehicles to marginate towards the BBB endothelium was evaluated in vitro using QCM-D. This technique allows for quantifying the mass of nanoparticles adsorbed to an oscillating quartz crystal at the floor of the microfluidic channel through which the nanovehicle suspension is passed at various flow rates. The quartz crystal oscillation frequency is decreased proportionately to the mass of nanovehicles adsorbed on the crystal surface. Based on the frequency changes, the mass bound to the quartz crystal was calculated using the Sauerbrey equation in Qtools Ò software (Västra Frӧlunda, Sweden). The nanoparticles without IgG4.1 showed minimal binding and migration to the bare gold sensor, whereas the nanovehicle with IgG4.1 showed a 3-fold increase in binding to the sensor. More importantly, dilution of the nanovehicle suspension did not affect the extent of nanovehicle binding to the sensor (Fig. 3A) ; this indicates that the ability of the nanovehicle to marginate to the vessel wall is not substantially disrupted when they are diluted in the systemic circulation. To evaluate the ability of these nanovehicles to marginate towards the BBB endothelium in the cerebral vasculature exposed to Ab proteins, we seeded MDCK cells on the gold sensors and treated them with DutchAb40. The nanovehicles showed high binding to both HBSS and DutchAb40 treated cell surface compared to the bare sensor (Fig. 3B) . However, in the presence of DutchAb40, the nanovehicles showed faster migration rate and increased cellular targeting than in case of HBSS treated cells. Internalization of AF647-nanovehicles in DutchAb40 treated hCMEC/D3 endothelial cells was three times as much as in HBSS treated cells (Fig. 4A) . On the other hand, AF647-IgG4.1 exhibited only a slight increase in the uptake by DutchAb40 treated cells compared to HBSS treated control cells (Fig. 4A) , which indicates a modest uptake of AF647-IgG4.1 compared to the nanovehicles. It can be inferred from these results that the nanovehicle surface covered by the protonated chitosan chains is most likely responsible for the enhanced uptake of nanovehicles by the hCMEC/D3 endothelial cells. The IgG4.1 conjugated to the nanovehicle surface does not play a major role in enhancing the cellular uptake of nanovehicles, but facilitates their intracellular movement along the path of DutchAb40 accumulation.
The uptake of AF647-nanovehicles in the nystatin-treated hCMEC/D3 endothelial cell monolayer was significantly lower as compared to the monolayers treated with chlorpromazine or HBSS and nanovehicles (Fig. 4B) . On the other hand, no differences in uptake were seen between the monolayers treated with HBSS and nanovehicles or chlorpromazine and nanovehicles (Fig. 4B) . This clearly demonstrates that caveolae mediated uptake plays a major role in the uptake of nanovehicles.
The plasma pharmacokinetics and brain uptake of nanovehicles were elucidated in WT mice pre-injected with 500 mg of DutchAb40. Our previous studies have shown that DutchAb40, when injected intravenously, accumulates primarily in the cerebral vasculature. Hence, the pre-injection of DutchAb40 into WT mice provides a more reliable CAA model rather than the Tg2576 mice. Although, these AD transgenic mice were shown to express CVA, the extent of vascular amyloid, which drives the biodistribution of nanovehicles, varies significantly from animal to animal and is more common in older mice (!2 years old). The plasma pharmacokinetics of nanovehicles in the presence of DutchAb40 is altered significantly and mimicked the biodistribution of DutchAb40, which suggests that the nanovehicles are responsive to the presence of amyloid in vivo. However, the elimination rate constant (kel) of 125 I-nanovehicles did not increase to match that of DutchAb40, which could have resulted in their rapid elimination from the systemic circulation. Based on the observations that the volume of distribution of nanovehicles increased and AUC decreased in DutchAb40 treated mice as compared to saline treated mice (Fig. 5A) , it can be inferred that the changes in nanovehicle distribution due to the presence of DutchAb40 is primarily due to better tissue partitioning from the systemic circulation. In agreement with these observations, the distribution of 125 I-nanovehicles to all brain regions was 2e3-fold higher in DutchAb40 treated mice than in the saline treated mice (Fig. 5B) . Isolation of vessels from Tg2576 mice treated with AF647-nanovehicles showed co-localization of the nanovehicles with the CVA, thus confirming the ability of nanovehicles to target amyloid within the cerebral vasculature (Fig. 6B ). This selective targeting could facilitate site-directed release of curcumin, dexamethasone, or any other anti-oxidant/immunosuppressant to reduce cerebral hemorrhages resulting from inflammation in CAA.
Relaxation and relaxivity analysis of the phantoms indicated the ability of the nanovehicle to provide contrast for MR imaging (Tables 2 and 3 ). In WT mice, the nanovehicles did not produce detectable MRI contrast ( Fig. 6C and D) , whereas, high levels of contrast in the radiating arterioles was seen in Tg2576 mice injected with the nanovehicles (Fig. 6E and F) . These results demonstrate the ability of nanovehicles to detect CVA in AD transgenic animals. Similar confirmation also was obtained using SPECT/CT imaging, which showed a 6-fold increase in the accumulation of 125 I-nanovehicles in Tg2576 versus WT mice (Fig. 6G) . One caveat to the MRI data is that the images were obtained ex vivo and at a very high field strength (21.1 T) that is not clinically applicable to achieve high spatial resolution. At this ultra-high field, the dominating hypointense T 2 * contrast created by the nanovehicle as it accumulates in arterioles and is internalized intracellularly via caveolae may be altered at lower fields. Although this negative contrast might be considered a false positive (e.g. blood residue from the transcardial perfusion can generate similar contrast), the consistent contrast generated in the AD transgenic animals and lack of contrast in control mice coupled with histological data lends credence that the hypointense contrast is highly likely generated from nanovehicles. Hence, work is underway in our laboratory to enhance the contrast of nanovehicles to aid in CVA detection at clinical magnetic field strengths. Notably, the SPECT data was obtained in vivo on a pre-clinical imager and can be transitioned, after making relevant changes, to image CAA in patients.
Conclusions
We have designed a hydrophilic nanovehicle capable of entrapping hydrophobic drugs and demonstrated its ability to target CVA deposits selectively. These nanovehicles are large enough to be retained in the cerebral vasculature, yet small enough to permeate the BBB endothelium. The nanovehicles can be readily equipped with various imaging agents to facilitate early diagnosis of CAA using a variety of diagnostic tools such as MR, SPECT and fluorescent imaging. These nanovehicles were clearly proven to serve as effective diagnostic agents to detect CVA by MRI and SPECT modalities. In addition, they also displayed the potential to carry therapeutic agents to reduce inflammation associated with CAA, which is believed to trigger hemorrhages in CAA patient. 
